In this paper, we will show that the equations of motion of the quadratic in curvature, ghost free, infinite derivative theory of gravity will not permit an anisotropic collapse of a homogeneous Universe for a Kasner-type vacuum solution.
II. INTRODUCTION TO INFINITE DERIVATIVE GRAVITY
The most general diffeomorphism and parity invariant quadratic curvature action, but free from torsion, has been derived in Ref. [10, 20] , given by
where G = 1/M 2 p is the Newton's gravitational constant, and α c ∼ 1/M 2 s is a dimensionful coupling, where s ≡ /M 2 s . The M s signifies the scale of non-local interactions in gravity. In the limit M s → ∞, the action reduces to the Einstein-Hilbert one. The d'Alembertian operator is defined as:
= g µν ∇ µ ∇ ν , where µ , ν = 0, 1, 2, 3, and we work with mostly positive metric convention (−, +, +, +). The F i 's are three gravitational form-factors, which are defined by:
The coefficients c i,n are constrained by the fact that the graviton propagator for the full action only contains the transverse and trace-less graviton degrees of freedom, and no extra dynamical degrees of freedom [36] . Indeed, such an action introduces non-local gravitational interaction, which is indeed helpful to ameliorate the quantum aspects of the theory in the ultraviolet [30] [31] [32] [33] .
The complete equations of motion derived from the above action Eq. (2) is given by [20] ,
where T αβ is the stress energy tensor for the matter components, where we have defined the following symmetric tensors, for detailed derivation, see [20] :
2 The action in Ref. [10] was first written in terms of the Riemann tensor, here we will work in terms of the Weyl tensor, which can be rewritten in terms of the Riemann tensor as:
The trace equation is rather simple, which can be written as [20] :
III. TOWARDS NON-SINGULAR HOMOGENEOUS AND ANISOTROPIC METRIC
Now, in order to show that the Kasner solution does not satisfy the equations of motion for the infinite derivative gravity, we will first assume that the above action, Eq. (2), along with the equations of motion Eq.(4), allows at least the vacuum solution, which is critical for the Kasner-type metric, if it had to be promoted as a solution, like in the case of GR
The Kasner metric is given by [7] 
where the parameters p 1 , p 2 , p 3 are constrained as,
These two conditions can be expressed by the Khalatnikov-Lifshitz parameter, u, by (see Ref. [9] ),
For the range u ≥ 1, the parameter u covers all possible real-valued parameters (p 1 , p 2 , p 3 ), and since Eq. (14) possess the following symmetries,
the region u < 1 can be mapped onto the region u ≥ 1. In addition, when u = 0, the Kasner metric Eq. (12) yields, p 2 = 1, p 1 = p 3 = 0, and the Riemann tensor vanishes. In this case, using a suitable coordinate transformation, it is possible to obtain the Minkowski metric. When the parameter u → +∞, we have, again, p 3 = 1, while p 1 = p 2 = 0, therefore, the metric Eq. (12) recovers the Minkowski limit. Also note that u = −1 replicates the case for u = 0 with vanishing Riemann tensor. These statements can be summarized succinctly by the Riemann tensor for the Kasner metric, which is given by:
Since the Ricci tensor and the Ricci scalar are both zero the Weyl tensor coincides with the Riemann tensor. It is known that in GR the Kasner spacetime has a singularity when t → 0. However, the process by which this singularity is approached is peculiar and involves a complex oscillatory behavior, as shown in Refs. [8, 9] . When t decreases, a succession of Kasner epochs take place based on a periodic (or chaotic) simultaneous change of sign in the Kasner constants p 1 and p 2 . Consequently, the volume of a Universe described by a Kasner metric decreases approximately as ∼ t, with two spatial directions 4 oscillating between contraction and expansion, and presenting bounces. Each Kasner era corresponds to an expanding/contracting phase between successive bounces. Another important aspect, in this scenario, is that an infinite sequence of Kasner eras take place when t → 0. This infinite sequence of eras (n) can be properly labelled by a decreasing rule for the parameter u n ,
Let us now concentrate on the full equations of motion Eq. (4), and let us assume that there is a vacuum configuration, P αβ = 0, with Eq. (11) . In fact, if we are keen on understanding the Kasner solution at t → 0, or in the context of BGKM gravity, t < 1/M s , it is suffice to assume R ∼ C 1 and R µν ∼ C 2 , where C 1 , C 2 are constants for t < 1/M s . This is due to the fact that for t < 1/M s , we are probing the UV aspects of gravity, where the infinite derivatives play the major role compared to the Einstein-Hilbert part of the action. Indeed, one may neglect the contribution from G αβ from Eq.(4), and R ∼ C 1 and R µν ∼ C 2 would suffice to concentrate on the Weyl component alone, in which case we are left with the following terms in the full equations of motion:
The aim is to show that in the BGKM gravity, the homogeneous and anisotropic collapse of the metric can be avoided by not allowing the existence of a Kasner metric, i.e., Eq.(12). As a necessary condition (but not sufficient) for the Kasner metric to satisfy the equations of motion, i.e., Eq. (4), both sides of the equation must vanish identically. The failure to do so will imply that the Kasner metric cannot be a vacuum solution for the BGKM gravity.
Let us summarize some important observations:
1. F i ( s ) contain an infinite series of s . Indeed, the coefficients are not arbitrary as we had discussed briefly, they are pre-determined by the choice of ghost-free condition, i.e., the propagator of the BGKM gravity is suppressed by exponential of an entire function, as shown in Refs. [10] .
2. The Bianchi identity holds for each and ever order in s , see discussion in Ref. [35] . The order is intrinsically parametrized by the power n of give rise to an extra factor of 1/t 2 . We are also assuming that the parameters (p 1 , p 2 , p 3 ) do not give rise to the trivial Minkowski solution, or p 2 = 1, p 1 = p 3 = 0, as we had already discussed. Note that, for a given power n of the d'Alembertian operator, the corresponding contribution from the Weyl part does not vanish automatically, nor the entire sum will vanish. The latter has a slim possibility, but would require extreme fine tuning, given the way the series progresses as ∝ 1/t β , where β is an even number. The only chance to get rid of such a term is to adjust the coefficient c 3,n to be equal 0, which is not the case for the BGKM action.
Given all these salient features, we will study what happens at each and every order in s . If the Kasner solution has to be admitted, then each and every order in s , the right hand side of Eq.(18) must vanish. We can show that the full computation for the right hand side of Eq.(18) would yield:
where coefficients w αβ n are constants with respect to time t, and depend only on parameter u. We can also show that the contribution coming from the part without any s , i.e. the local contribution from the Weyl squared gravity, yields identically zero in 4 dimensions, thanks to the existence of the Gauss-Bonnet topological invariance, which means that the Kasner is a good solution for the local quadratic curvature gravity. In the appendix, we have collected the details of an explicit computation of w To summarize, in this paper, we have presented strong arguments that the homogeneous, anisotropic collapse of a Kasner metric in a vacuum cannot be a solution of the full infinite derivative gravity given by Eq. (2) . A very similar conclusion we have reached for the static Schwarszchild-type metric in Ref. [35] . The presence of infinite derivatives indeed ameliorate the cosmological singularity. Indeed, how the time dependent metric will behave near t ≤ 1/M s is still an open question, but it would be extremely unlikely that the solution would yield a cosmological singularity in 4 dimensions. The central theme of the resolution appears to be the Weyl squared contribution with infinite covariant derivatives in the equations of motion for the BGKM gravity. 
with the dimensionless matrix elements a ii defined as
with the dimensionless matrix elements a ii defined as a 00 = a 11 = a 22 = a 33 = +
We can verify, at this point, that terms F αβ 1 and F αβ 2 cancel each other.
3. The third term, F
, which only depends on the f 31 coefficient.
4. The fourth term, F
, is given by
5. The fifth term,
6. The sixth term, F
Having computed each term of P αβ 3 , up to s , we see that the dependence on the f 30 coefficient vanishes as expected, and the one box, s , contributions survive. Finally we have,
with the dimensionless matrix elements a ii defined as .
In order to have P αβ 3 = 0, we should have a 00 = a 11 = a 22 = a 33 = 0 for a unique u 1. One can show explicitly that there are no any common roots for corresponding algebraic equations. Therefore, the tensor P αβ 3 at one box order can never be made zero by choosing u.
To present even more convincing arguments we put below the answer for second order in box, i.e., 
As in the case of the first order in s , there are no common roots for u, which would allow all the above polynomials to vanish.
